The nature and control of individual metal atoms on insulators are of great importance in emerging atomic-scale technologies. Individual gold atoms on an ultrathin insulating sodium chloride film supported by a copper surface exhibit two different charge states, which are stabilized by the large ionic polarizability of the film. The charge state and associated physical and chemical properties such as diffusion can be controlled by adding or removing a single electron to or from the adatom with a scanning tunneling microscope tip. The simple physical mechanism behind the charge bistability in this case suggests that this is a common phenomenon for adsorbates on polar insulating films.
The chemical and physical properties of ions in general are qualitatively different from those of the corresponding neutral atoms. Thus, the ability to switch between different charge states of atoms could lead to control of their properties. In a chemical oxidation, reduction, or redox reaction, the charge state of atoms is controlled by the reactants and the chemical environment (1) . At surfaces, the charge state of an adatom is determined by the choice of substrate and coadsorbates. The capabilities of the scanning tunneling microscope (STM) to image, characterize, and manipulate single atoms and molecules on surfaces (2-4) could enable switching between different charge states of individual adatoms on surfaces without changing the chemical environment.
We show that on a polar insulating surface, the charge state of individual adatoms can be controlled. We studied Au atoms adsorbed on ultrathin insulating NaCl films with a lowtemperature STM. By positioning the STM tip above an Au adatom and applying a voltage pulse, the adatom can be reversibly switched between its neutral and negatively charged state. Most importantly, both states are stable, that is, an additional charge remains on the adsorbate until it is removed by a voltage pulse of reversed sign. We interpreted our results using density functional theory (DFT) calculations.
Our experiments were carried out with a home-built STM operated between 5 and 60 K. Cu(111) and Cu(100) single-crystal samples were cleaned by several sputtering and annealing cycles, upon which NaCl films were evaporated thermally. The substrate temperatures were kept at about 300 K so that defect-free (100)-terminated NaCl islands with two or more atomic layers were formed (5, 6) . Individual Au adatoms were adsorbed at a sample temperature of 5 to 10 K with the sample located in the STM. Bias voltages refer to the sample voltage with respect to the tip. An electrochemically etched W wire was used for the STM tip. All of the results shown here were obtained in experiments carried out on NaCl bilayers on Cu(111), but the results for the trilayer and for NaCl bi-and trilayers on Cu(100) were similar.
Individual Au adatoms on NaCl(100)/ Cu(111) were imaged as protrusions (Fig. 1) . The apparent height ranged from 2.0 Å for a tunneling current of I Ϸ 10 pA to 2.5 Å for I Ϸ 0.2 nA. The adsorption site was determined to be on top of the Cl Ϫ ions directly from atomically resolved STM images of the Cl Ϫ ions (7), as well as indirectly from the adatom position with respect to artificially created Cl vacancies (8) .
By applying a voltage pulse, we could manipulate the adsorption state of an individual Au adatom, as revealed in Fig. 1 , A to D, by the change of tunneling conductance and appearance in the STM image. In the adatom manipulation, the tip was first positioned directly above an Au adatom. The feedback loop was then switched off, and a positive voltage V Ն 0.6 V was applied. After a time t, which depended on the specific tunneling parameters, a sharp current drop by about a factor of 3 was observed. In subsequent images, the corresponding Au adatom appeared different but still was located at the same position. The image of the manipulated Au adatom is characterized by a sombrero-like shape with an ϳ0.5 Å smaller protrusion than that in the image of the original state surrounded by a depression. By applying a negative voltage pulse of about Ϫ1 V, we could switch the manipulated adatom back to its original state. Two different experimental observations suggest that an Au adatom in its original state is neutral, whereas after manipulation it is negatively charged.
In the first experiment, the two-dimensional electron gas in the interface state (IS) band of NaCl/Cu(111) (6) was used as a probe to characterize the two different states of the Au adatoms. The STM images in Fig. 1 , E and F, reveal that scattering of the IS electrons from the adatoms could be observed for the manipulated adatoms only. As the probability density of the interface electrons falls off to almost zero at the position of the Au adatoms (6), the short-range potential of a neutral Au adatom should be a weak scatterer of the IS electrons. A charged Au adatom, however, results in a long-range electrostatic potential that should strongly scatter the IS electrons below the adatom. Thus, this observation suggests that the manipulated Au adatom is charged.
In the second experiment, the Au adatom charge state was probed by the direct interaction of the adatom with a biased tip. When a bias voltage of about 1 V was applied and the tip laterally approached to the position of a manipulated Au adatom, the adatom moved away from the negatively charged tip. At lower or negative bias voltages, the adatom was often picked up by the STM tip. This observation suggests that the manipulated Au adatoms were negatively charged. The states of the original and the manipulated Au adatoms were both stable and must therefore be associated with two different geometric configurations of the adatom and the NaCl film. A simple electron transfer without any lasting changes of the ion-core positions would not be stable, because the electron residing in an excited state on the manipulated Au adatom would rapidly tunnel into the metal.
Experimentally, the behavior that we observed for Au adatoms on NaCl/Cu(100) was similar to that observed for NaCl/Cu(111). An Au adatom on NaCl/Cu(100) is also initially neutral and imaged as a large protrusion. It can similarly be switched to a negatively charged state with a sombrero-like appearance. However, switching back to the initial state was not possible on this surface. A deeper physical insight into the nature of these two states of the Au adatom and a corroboration of the assignment of the states to different charge states require a theoretical study of the adsorption and STM images of Au adatoms on a NaCl film supported by a Cu surface.
To this end, we carried out DFT calculations of this system using a plane-wave and projector-augmented-wave method as implemented in the VASP code (9, 10) . Because this method is based on a supercell geometry and the NaCl layers are incommensurate with the Cu(111) surface, this study was restricted to NaCl layers on a Cu(100) surface where the close 2:3 match of the NaCl and Cu lattice constants supports a commensurate structure (11) . The main results presented here were obtained for a single Au atom on a NaCl bilayer supported by four Cu substrate layers. A relatively large, square surface unit cell accommodating 36 Cu atoms in each substrate layer was used in order to minimize adatom-adatom interactions (12) . The Au adatom, the NaCl bilayer, and the two topmost Cu layers were structurally optimized. The simulations of the STM images were based on the Tersoff-Hamann approximation (13) and on the Kohn-Sham wave functions to determine surfaces of constant local density of states (LDOS) (14) .
In agreement with our experiments, the theoretical investigation finds two different stable states for Au atoms in on-top sites of a Cl Ϫ ion in the NaCl film on Cu(100). As suggested by the partial density of s-states in Fig. 2 Ϫ ion and leaves the ionic positions within the NaCl film relatively unperturbed. As illustrated in Fig. 2 , the position of the Au Ϫ adatom is somewhat different, namely, 0.4 Å closer to the surface, and is stabilized by large ionic relaxations within the NaCl film. The Cl Ϫ ion underneath the adatom is forced to move downward by 0.6 Å and the surrounding Na ϩ ions to move upward by 0.6 Å. This relaxation pattern creates an attractive potential for the additional charge on the Au adatom (15) . The Au Ϫ state is further stabilized by the screening charge in the metal substrate (i.e., positive image charge) (16) and by the electronic polarization of the ionic layer, resulting in an adsorption energy of 1.1 eV. In fact, the partially occupied Au(6s) state of the Au 0 adatom at the Fermi level (E F ) is shifted downward by 1.0 eV and becomes fully occupied for the Au Ϫ adatom. To establish a direct link between experiment and theory for the two different charge states of the Au adatoms, we calculated the corresponding STM images shown in Fig. 2 . In agreement with experiments, the calculated image of the Au 0 adatom on NaCl/Cu(100) shows simply a large protrusion, whereas the calculated image of the Au Ϫ adatom has a sombrerolike appearance (17) . This agreement supports the assignment of the charge states of the initial and manipulated Au adatom in the experiments.
The physical mechanism behind the switching between the two different charge states of the Au adatom is attributed to inelastic electron tunneling (IET) (18) (19) (20) . We find evidence of a new IET mechanism in the situation in which an insulating film reduces the coupling of the electronic states of the adatom with the metal substrate dramatically. The data suggest that the coupling is so weak that the lifetime of a negative ion resonance (NIR) state of the adatom is in the range of the ionic vibrational periods, which results in a capture of the tunneling electrons. An electron, tunneling resonantly into the NIR state, remains there for a sufficiently long time so that the adatom and its surrounding ions have time to relax for the NIR state to be shifted below E F , and the electron is captured. This mechanism results in a quantum yield (i.e., the probability of a switching event per tunneling electron) on the order of unity. This high yield cannot be directly observed because of the inability to measure a current pulse consisting of only a few electrons.
Instead, we determined the distance ⌬z that the tip has to be retracted from an initial position z 0 , corresponding to I 0 ϭ 10 pA at V 0 ϭ 0.5 V, to observe a mean switching time of 1 s. The result of this statistical analysis (Fig. 3) reveals that below 1.4 V, ⌬z increases linearly with voltage, and that for higher voltages, a saturation is observed. This saturation rules out the possibility that the electric field in the tunneling junction is responsible for the switching. To estimate the quantum yield at saturation, i.e., for ⌬z ϭ 10.5 Å and V ϭ 1.4 V, the tunneling current I needs to be extrapolated from I 0 ϭ 10 pA at ⌬z ϭ 0 Å and V 0 ϭ 0.5 V. Using an exponential extrapolation of I with ⌬z yields a decrease of about 10 orders of magnitude, which was quantified using an I(z) measurement at higher currents. There should also be a , in which the spheres representing Au, Cl Ϫ , and Na ϩ are colored gold, green, and blue, respectively. The calculated partial density of states (PDOS) of s-states at the Au adatom (B and E) is presented using the energy broadening set by the Fermi level smearing used in the calculation (26) . The 6s-derived state is partially and fully occupied in (B) and (E), respectively. STM images are simulated by contours of constant LDOS (C and F), where z ϭ 0 Å corresponds to a distance of 6.4 Å from the topmost NaCl reference plane (17) . Fig. 3 . Statistical analysis of the switching behavior of Au adatoms on an NaCl bilayer on Cu(111). For different voltages in the range of 0.9 to 1.7 V, the tip was retracted by ⌬z from its initial position z 0 corresponding to I 0 ϭ 10 pA at V 0 ϭ 500 mV, such that a mean switching time of 1 s could be observed. A saturation is observed at higher voltages, whereas below 1.4 V, ⌬z increases linearly with voltage (line fit). For voltage pulses Ͻ0.9 V, the quantum yield is sufficiently low that it can be determined directly by measuring the current (inset).
dramatic increase of the tunneling current with increasing voltage because of tunneling through the NIR state (21) . Based on I(V) measurements for other adsorbates on NaCl films, we estimate that tunneling through the NIR state increases the tunneling current by about two orders of magnitude. The extrapolation of I to ⌬z ϭ 10.5 Å and V ϭ 1.4 V thus gives a current on the order of one electron per second, corresponding to a quantum yield on the order of unity. This extremely high yield is consistent with a capture of electrons tunneling into the NIR state. Further support for this interpretation comes from the experimentally suggested position of a resonance level at E NIR ϭ 1.4 eV above E F or 2.6 eV below the vacuum level (22) , which is close to the electron affinity of an isolated Au atom of 2.3 eV (below the vacuum level). Finally, for V smaller than 0.9 V, the quantum yield can be measured directly and increases exponentially with increasing voltage (Fig. 3,  inset) . This exponential increase is consistent with the observed linear increase of ⌬z at voltages well below the NIR state.
The difference in physical properties of the two states is documented in diffusion experiments. Interestingly, the two differently charged states of the Au adatom are conserved during the diffusion process. In the Au 0 state, adatom diffusion sets in at a temperature of about 60 K, whereas in the Au Ϫ state the adatoms already diffuse at a lower temperature of 40 K. This difference even allows the diffusion of single Au adatoms to be switched on and off.
Small clusters of Au adatoms can similarly be switched between different charge states, which was demonstrated in an experiment for Au dimers and trimers on NaCl films. Nanometer-sized Au clusters on insulators have been shown to be catalytically active by partial electron transfer from color centers (23) . This finding opens up the possibility of switching surface catalytic reactions on and off by manipulating the charge state of individual nanometer-sized Au clusters. The switching between the two differently charged states also suggests their use as a nonvolatile memory device at the ultimate spatial limit.
Associated with the control of the charge state of the Au adatom is the control of its magnetic moment. In the Au 0 adatom, the 6s-derived state is partially occupied, resulting in a net (spin) magnetic moment, whereas in the Au Ϫ adatom this state is fully occupied and the adatom is nonmagnetic. This moment is expected to be paramagnetic because the magneticanisotropy energy of the Au(6s)-derived state should be minimal. However, a paramagnetic moment that is decoupled from a metal substrate by an insulating film might be of some interest in quantum-information processing.
